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Abstract 
Solar thermal coatings play important role in solar heat utilizations, which is considered as one of the most critical factor in solar 
thermal system. In the past several years we have researched and developed our coatings based on the destructive-interference 
absorption principle. The multi-layer structured coating mainly consist of metal layer, double metal-ceramic layers, and ceramic 
layer, each of the layer functions as infrared anti-reflecting layer, solar spectrum absorber, and transparence enhancing layer, 
respectively. . Meanwhile the degradation of the absorption coatings draw much attentions from either the investor or the 
researchers because the degradation is also known as the key to understand the service lifetime of the solar thermal receivers. In 
this paper we present the experimental results of the accelerating testing on the coatings, with or without the involvement of the 
oxygen from the environment. The analytical experimental results show the macro structure of the coatings were destroyed due to 
the relaxing of the thermal stress. It also indicates that the oxidation serves as the other main reason for the degradation in the 
coatings after thousands of hours continuously high temperature annealing in air environment. While in the vacuum case the 
coatings were annealed for longer time than it had been done in air environment, the optical function of the coatings decreased 
greatly correspondingly. Series of analytical experiments were done to investigate the process of the degradation. Self-diffusion 
and reaction diffusion theory were employed to study the structure evolving inside the coatings.  
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1. Introduction  
In the recent tens of years considerable attention and efforts has been put on the clean energy utilization, among 
which solar energy is believed to be one of the promising technology in this century[1]. Besides large scale 
commercial application of photovoltaic power plant[2], solar thermal technology is the other main branch of energy 
conversion/transportation/storage[3].  
Concentrating solar power (CSP) system[4] play import role in solar thermal technology, in the system solar heat 
absorption surfaces is considered to be the critical component in converting sunlight to thermal-electrical power[5]. 
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For example in the parabolic trough CSP system[6] the solar heat energy is transferred to the working fluid through 
the heat collecting element (HCE) [7,8] firstly, then the heated working fluid flows along the pipe circuit to 
complete the cycle, as it flows through the receiver and is then used as a heat source for a power generation. Thus 
the efficiency of the power generation in solar thermal plant  highly depends on the performance of the HCE: the 
absorptance(ࢻ) and thermal emittance(ࣕ) of the coatings used in the HCE.  
In the research area, in order to increase the efficiency of trough system, we need to increase the operating 
temperature of the solar field as much as possible. Meanwhile the selective coatings of the HCE are required to have 
both high solar absorptance and low thermal emittance at high temperature. The coating is designed to be used in 
evacuated environments, however it needs to be stable in the environment in case the vacuum is damaged gradually. 
In other words the ideal spectrally selective coatings should be chemically and thermally stable in air at high 
temperatures as long as possible. 
2. Experimental results and discussion 
2.1. characterization of as-deposited specimen 
Selected absorption coatings can be accomplished through several approaches, detailed description of the 
deposition method can be found in references[9-14]. In the coatings different optical absorption mechanisms 
including light trapping, quantum size effects and intrinsic absorption is employed. The structures including 
particulate coatings, semiconductor-metallic layers, multilayer films were introduced as well[ 9,15,16]. The 
researchers reported some transition metal compounds have the intrinsic properties such as selective spectra 
absorption. Among the compounds transition metals nitride exhibit excellent optical properties with high thermal 
stability at high temperature[17,18]. A coating of TiAlN/TiAlON/Si3N4 was deposited by using magnetron 
sputtering and the coating is stable at 525Ԩ in air for long time[18,19]. TixAl1-xN expresses different properties with 
different atomic concentration number x[17,20]. Moreover,  the solar absorptance of mostly TixAl1-xN coatings is 
above 0.8, which makes it a favourable candidate for solar thermal application.  
 
           
(a)                                                     (b)                                
Fig.1. (a) AES spectrum of the coating; (b) XRD spectrum of the coating. 
In our research the selective absorption coatings with four-layer structure is designed, the coating consists of 
metal reflector layer, double absorber layers and anti-reflection layer respectively [17,18]. We chose Ti0.5Al0.5N and 
Ti0.25Al0.75N coatings as the absorber layers, AlN coating was used for anti-reflection layer correspondingly. The 
detailed information can be found in the reference [17,22].  The coating was deposited on Si substrates by using 
RF/DC magnetron co-sputtering system in our laboratory. The high absorptance and low emittance were achieved 
by optimizing the design of the coatings.. After the specimen is prepared, some of the specimen was put into the 
high-temperature vacuum annealing oven to commence the oxygen-free annealing experiment, some was put into 
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the annealing oven in air environment,  we carried out analytical experimental investigation such as 
TEM(instrument:Tecnai-F20), XRD(instrument:Bruker D8 advance, with thin-film component), XPS(instrument: 
Thermo ESCALAB 250xi), AES(instrument: PHI 700) etc.  over the specimen correspondingly.  
The chemical concentration detecting experiments were done to explore the coatings atomic distribution. Fig.1.(a) 
shows the AES experiments of the 4-layer specimen. The x-axis denotes the sputtering time by the ion-gun in AES 
instrument (the sputtering rate for SiO2 standard specimen is 35 nm/min), the y-axis gives the atomic concentration 
ratio. The curves give the elemental distribution along the normal direction inside the coatings. From the curves we 
can clearly distinguish the multilayer structure of the coating. Within 1 min sputtering time, the signal is mainly 
composed of the outer AlN layer, between 1 min and 3min sputtering time the signal comes from the Ti-Al-N 
absorption layers, after the ion-gun sputtering 3 min the signal from metal layer emerges, and the Si signal 
dominates after 5 min continuous sputtering.  
In order to identify the crystal phase of the absorption layers, XRD experiments were performed and the results is 
shown in Fig.1.(b). From the figure, several crystal phase can be recognized clearly such like AlN and TiN, while 
there is still other peaks the spectrum which needs to be discern carefully. After matching the spectrum with the 
PDF card  (PDF#37-1140), the peaks can be understood as some metastable phase which is identified as 
Ti3AlN[17,18,21,22]. 
 
       
(a)                                                           (b)                                                        (c)                                       
 Fig.2. TEM image of the coatings (a) mid-magnification overview; (b) high-resolution image of AlN-TiAlN interface; (c) high-resolution image 
of AlN layer. 
Fig.2 exhibits the TEM image in the cross-section view of the coatings. Fig.2.(a) gives the overview of the 
coating the interface is easy to be distinguished and the interface is smooth and continuous. The thickness of each 
layer is :Al~80 nm, TiAlN~ 60 nm, AlN ~25 nm respectively, and the thickness of the whole coatings is around 165 
nm. Fig.2.(b) expresses the HRTEM image of Al-TiAlN interface, the upper-left part of the image consists of TiAlN 
polycrystal phase which can be proved by the FFT transform shown in the inset image. We can observe column-like 
growth of the TiAlN grains, the phenomena can also be noticed in Fig.2(a). The polycrystalline diffraction rings are 
indexed in the inset: the (110) and (200) lattice planes have the priority of growth. Fig.2 (c) show the crystallization 
of the outer AlN layer,the lattice parameter is around 0.199 nm after measurement, which is different from the 
TiAlN layer’s results(0.24 nm for (110) plane, 0.21 nm for (200)plane).  
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(a)                                                             (b) 
Fig.3 XPS depth profile of the coating (a) Ti 2p specta; (b) Al 2p spectra. 
The XPS depth profile experiments gave the information about the elements bonding condition along the normal 
direction of the coatings. Similar to the AES experiment mentioned before, an ion-gun is mounted inside the XPS 
chamber, which makes it possible to collect spectrum after the layer’s surface is sputtered away. Fig.3.(a) shows the 
depth profile of of Ti 2p-electron. The x-axis express the bonding energy in the unit of ev, the y-axis represents the 
intensity of the spectra in arbitrary unit. We plot 16 spectra curves within one plot in the order of sputtering time, the 
spectra from top to bottom indicates the sequence of the signal collecting is from external layer to internal layer(the 
sputtering rate of the ion-gun is 0.8 nm/s, regarding the practical coatings we are testing the average sputtering rate 
is estimated to be 4 nm/200s). In Fig.3(a) there is no Ti signal in the earlier 6 layers (~24 nm thick), because the 
spectrum is coming from the outer AlN layer.  Between 7th and 16th layers (40 nm in thickness) the Ti spectra appear, 
the bonding energy of 2p 3/2 electron is 454.8 eV, after compared the coating’s spectra with the standard 
reference(Ti 2p 453.8 eV, TiO2 2p 458.5 eV), it can be deduced that Ti appear to be slightly oxidized, and the 
bonding condition is close to Ti-N bonding(455 eV). There is a weak intensity profile between 2p3/2 peak and 2p1/2 
peak, this implies there exists multiple-bonding condition of Ti, more internal electron might be involved in the 
bonding process. In Fig.3.(b) the Al 2p peak position of the most outer 4 layers  changed from 74.9 eV to 74.2 eV. 
After comparing the spectra with standard spectrum (Al 2p 72.65 eV, Al2O3 2p 74.7 eV), we can see the spectrum  
indicates more oxidation happens to Al, Al appears to achieve more positive electricity. While the spectra show Al 
is more stable in internal layers, and Al appears to be less oxidized than it had been done in external layers. The 
spectra profile are not Gaussian type, Ti-Al bonding (Al 2p 73.5 eV) and Al-N bonding (Al 2p 74.3 eV) consist the 
spectra profile at the same time.   
In conlusion, the absorption properties can be modulated through controlling the atom ratio in the deposition 
procedure. The double absorption layer could be designed to absorp the sun light radiation as much as possible 
based on the destructive-interference effect[17,18]. 
2.2. Characterization of the coatings annealed in air environment in long term 
2.2.1 Analysis of the degradation specimen after long term annealing in air
Series of experiments were done to investigate the performance of the coatings in high temperature, either in air 
environment or in vacuum ones. We need to know how the coatings degraded as a function of temperature, time and 
so on. These experiments were conducted through continuous heating the specimen under a specified temperature. 
After long time annealing, the specimen is taken out to do the analysis experiments, either in optical properties 
testing or in micro-structure analysis. In this section, S1, S2, S3 and S4 denotes the specimen after annealing 24 hrs, 
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288 hrs, 480 hrs and 960 hrs in air environment at 400ćǄ 
 
     
(a)                                                      (b)                                           (c) 
Fig.4.Optical image of  (a)s2-288 hrs annealed specimen; (b)s3-480 hrs annealed specimen;(c)s4-960 hrs annealed specimen;  
The optical images of S2(288 hrs), S3(480 hrs) and S4(960 hrs) are shown in Fig.4(a)-(c). The specimen S2 
exhibits dark blue colour, which is similar to that in the as-deposited specimen, while S3 is cyan in colour and S4 is 
grey. Besides the colour, much black patterns appears on S3’s surface, while in the S4 surface the density of the 
black points decreases. The coatings’ surfaces are still smooth and continuous observed from eye in the 3 specimen. 
The optical properties show a continuous decrease in the 3 specimen, the absorptance of S4 decreases greatly, after 
960 hrs annealing the absorptance decreases more severely. Here we define the specimen at 960 hrs as the boundary 
between degradation and fail of the coating. The SEM experimental results(not shown here) indicates the dark point 
in the degradation specimen is due to the flaking of the coatings, thus the silicon substrate appears in dark colour. 
   
(a)                                                                       (b) 
Fig.5 mid-magnification TEM image of the coatings in corss-section view (a) S2-288 hrs annealed specimen;  (b) S3-480 hrs annealed specimen. 
The TEM images of the coatings in cross-section view is shown in Fig.5. Fig.5.(a) gives the result of  S2-288 hrs 
annealed specimen, the interface between Si substrate and the Al layer is easy to be distinguished, the interface 
remain strait and smooth, and in the Al layer bigger grain is formed. Moreover the interface between Al and 
absorption layer become bending, thus the coatings thickness cannot be uniform which makes the optical properties 
of the coating decrease. In Fig.5.(b), the interface between Si substrate and the coatings still can be observed well, 
but the coatings distorted considerably, from the contrast in the image, the absorption layer can be viewed as 
bending along the outer interface which makes the coatings optical properties deteriorated furthermore, but the 
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coatings are still continuous and can be functioned partially.         
   
 (a)                                                                                 (b)  
Fig.6 XPS depth profile of S2 (288 hrs annealed specimen), (a) Titanium spectra ; (b) Aluminium spectra. 
Fig.6 show the XPS depth profile experiments results of S2-288 hrs and S3-480 hrs.(a) Ti spectra, (b) Al spectra. 
The experimental method is identical to that of the previously ones, and the sputtering rate of the ion-gun is the 
same as before. From Fig.6(a), peaks reside in 455 eV and 460.8 eV are stable throughout the layers. After 
compared with the standard XPS spectrum, it can be considered as the Ti-N bonding, this indicates the absorption 
layer remain complete,. While besides these two intense spectrum peaks, there are series of shoulder existing in the 
spectrum, these can be ascribed to Ti3AlN, TiO2 and so on. Furthermore, more close to the outer layer, more intense 
of the Ti-O bonding can be found. That indicates more oxidation occurred inside the layers. In Fig.6.(b) ,the outer 
Al-N bonding changed to some extent, peak position of Al 2p displaced from 74.6 eV to 73.4 eV gradually, 
indicates the outer Al element is oxidized gradually as well. The Ti-Al,N-Al bonding arise in the internal layers. The 
most intense signal comes from the metal Al layer, but the Al2O3 and AlN features emerges simultaneously. This 
implies the complicated bonding condition in the internal interfaces, which might be arises from the bending of the 
interface.  
2.2.2 analysis of the failed specimen after long term annealing in air 
After we have explore the coatings in the degradation status. It is necessary to investigate the coatings in failed 
after 960 hrs annealing.  
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(a)                                                                                  (b) 
Fig.7(a) mid-magnification of 1056 hrs annealed specimen; (b) HRTEM image and FFT of 1056hrs annealed specimen. 
Fig.7.show the TEM image of the specimen after 1056 hrs annealing in air environment, Fig.7.(a) exhibits the 
mid-magnification image in the cross-section view of the coatings. The interface between Si substrate and the 
coatings is clearly to be discerned. The coatings structure is deteriorated strongly, and the interface in the coatings 
cannot be distinguished easily, the distortion of the multi-layer makes the coatings damaged at all. It also indicates 
the Al layer has broken the coatings, which serves as one of the main reason to the discontinuous of the coatings. 
This can be viewed as the succeeding effect after the 960 hrs annealling. Fig.7.(b) shows the HRTEM image in the 
absorption layer, the image implies the column-like growth disappears,  much more big grains of polycrystalline is 
found, which is proved by the  FFT transform image in the inset.  
    
 (a)                                                                                      (b) 
Fig.8 XPS depth profile of specimen(S5) after 1730hrs annealing in air (a)Ti spectra; (b)Al spectra. 
Furthermore, we conducted the XPS depth profile experiments over the specimen annealing after 1730 hrs in air 
(S5) in order to make comparisons between the failed coatings and the degradation coatings. The results are shown 
in Fig.8. In Fig.8.(a) the displacement of the Ti 2p peak arises from the strongly oxidation, the peak position in 
455.2 eV and 461.4 eV appears simultaneously, these 2 peaks are seen as Ti-N bonding, or the Ti-bonding in the 
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metastable phase Ti3AlN. The conclusion in Fig.8.(b) is similar to that in Fig.6, but in the internal layers there exist 
intense signal coming from oxidized Al, this may be ascribed to the distortion of the interfaces, thus the internal Al 
could be oxidized due to the break of the coatings. 
2.3 Coating analysis after long term annealing in vacuum  
   
(a)                                                                (b)                                                               (c) 
Fig.9 TEM image of the specimen after 2500 hrs annealing in vacuum environment (a) overview of the specimen;(b) coating structure; (c) 
HRTEM image of the absorption layer part. 
Experiments towards the specimen annealed in vacuum environment is investigate as well. Fig.9(a) gives the 
mid-magnification image of the coatings from cross-section view. The specimen is annealed in vacuum annealing 
oven after 2500 hrs at 400ć. The optical properties of the specimen almost remains as good as specimen in the as-
deposited status. The interface is smooth and straight. The multi-layer structure can be clearly discerned as well, in 
Fig.9(b) the structure of the coatings is schematically  described, in which the absorption layer is composed of two 
layers of thickness 42 nm and 60 nm respectively, the thickness of the outer layer is changed to 55 nm. The 
crystalline of the absorption layer is shown in Fig.9.(c), in which we can see that the column-like shape of the poly-
crystal growth does not exist as that happened in as-deposited situation. While the priority orientation of the 
(110)(200) plane is still valid. The experiments are still under research, more data and result will be released in the 
succeeding papers.  
3. Conclusion 
The as-deposited selective coatings are characterized from both physical structure and chemical atomic 
concentration. The doping quantity of Al atoms decides the properties of the absorption layer. The destructive-
interference effect can be achieved by optimized the coatings structure during the deposition. After long time 
annealed at high temperatures in air environment, the coatings appear to be degraded in the optical function. Two 
main reasons give rise to the degradation: one is the involvement of oxygen, the XPS depth profile experiments 
proved that either Ti or Al could be oxidized layer by layer inside the coatings. The other one is the diffusion of the 
metal layer, which is caused by the relaxation of the thermal stress, for example Al diffused from the internal layer 
to the external ones, during the diffusion the grain boundary moves thus make the diffusion atoms get more chance 
to react with the outer element. The shift of the XPS spectrum of the coating give the evidence of this. During the 
diffusion, more Ti atoms get the opportunity to be substituted by Al to form the metastable phase, thus the original 
coating is damaged. While in the vacuum case the oxygen can be restrained to very little quantity, thus the influence 
from oxidization of Ti and Al could be eliminated mostly. 
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